Wavelength-tunable optical short pulses with high sidemode suppression ratio generated by use of Bi-EDFA by Fang, X & Wang, D
1
A
r
t
s
t
Q
o
i
f
e
G
w
t
c
w
j
a
t
n
[
o
S
a
p
e
o
a
i
s
l
s
t
p
E
1926 J. Opt. Soc. Am. B/Vol. 25, No. 11 /November 2008 X. Fang and D. N. WangWavelength-tunable optical short pulses with high
sidemode suppression ratio generated by use of
Bi-EDFA
Xia Fang and D. N. Wang*
Department of Electrical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong,
China
*Corresponding author: eednwang@polyu.edu.hk
Received August 8, 2008; accepted September 15, 2008;
posted September 23, 2008 (Doc. ID 99878); published October 31, 2008
A bidirectional erbium-doped fiber amplifier (Bi-EDFA) has been used in a self-seeding scheme for wavelength-
tunable optical short pulse generation. The pulse wavelength is selected and purified by use of two tunable
Fabry–Perot (FP) optical filters with bandwidth of 0.11 nm and 99 pm respectively, while a constant repetition
frequency of 1.045 GHz is maintained. The sidemode suppression ratio (SMSR) of the output pulses achieved
is better than 40 dB over the wavelength tuning range of 33 nm. The system is simple and efficient, and a
continuous wavelength tuning can be readily achieved. © 2008 Optical Society of AmericaOCIS codes: 320.0320, 320.7090, 320.5550.
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(. INTRODUCTION
n optical short pulse with a high sidemode suppression
atio (SMSR) is of critical importance for high-bit-rate op-
ical fiber communications owing to group velocity disper-
ion and material dispersion in optical fibers. The genera-
ion of optical short pulses can be achieved by
-switching, i.e., switching the resonator quality or losses
f the laser diode (LD). However, Q-switching is normally
nvolved with specially designed laser structures, as dif-
erent sections being worked on gain medium and absorb-
rs, respectively, that are required in the laser cavity.
ain switching of the LD provides an easy and convenient
ay for optical short-pulse generation by directly driving
he LD with ultrashort pulses [1] or sinusoidal electrical
urrents [2,3]. Moreover, to generate tunable single-
avelength optical short pulses by gain-switching, an in-
ection locking scheme is usually employed, which can be
chieved externally by the injection of a cw light beam [4],
he optical pulses generated in another LD [5,6], or inter-
ally by the feedback optical pulses, i.e., self-seeding
7–9]. Self-seeding is a relatively simple method, as only
ne commercially available LD is used. To enable a high
MSR by the self-seeding method, an erbium-doped fiber
mplifier (EDFA) is usually employed to enhance the
ulse intensity injected back into the LD [10–12]. How-
ver, in the systems reported so far, an EDFA performs
nly single-directional amplification, and a considerable
mount of pump energy is wasted. To achieve a large gain
n one-way signal amplification, the pump power must be
ufficiently high to enhance the signal power. This in turn
eads to an increase of the amplified spontaneous emis-
ion (ASE) noise of the system and a decrease of the life-
ime of the LD used owing to strong feedback injection
ower.
In this paper, a self-seeding system with a bidirectional
DFA (Bi-EDFA) configuration is presented, which effi-0740-3224/08/111926-5/$15.00 © 2iently increases the pump power efficiency while sup-
ressing the ASE noise in the system, and as a result,
avelength-tunable optical short pulses with a high
MSR of larger than 40 dB over a wavelength range of
3 nm have been achieved. The tuning range can be ex-
ended to 35.6 nm with a corresponding SMSR of larger
han 38 dB.
. EXPERIMENT
ur experimental setup is shown in Fig. 1. One commer-
ially available Fabry–Perot laser diode (FPLD) with a
entral wavelength of 1549 nm was biased by a dc current
f 10 mA, slightly below its threshold value of 11 mA, and
ain-switched by rf electrical signals at 1.045 GHz. The
utput from the FPLD was firstly sent to the input port of
he Bi-EDFA via a circulator, and the intensified light
ulses were then directed to a tunable optical FP filter
TF1; Micron Optics; TF00EY) with a bandwidth of
.11 nm to select the operating wavelength. The single
avelength optical pulses were amplified again before
eaving the output port of the Bi-EDFA and subsequently
pectrally purified by another tunable optical FP filter
TF2; MICRON OPTICS; TF078E) with bandwidth of
99 pm to reduce ASE noise and control the feedback
ower into the FPLD. A polarization controller was used
fter the TF2 to optimize the polarization state of the in-
ected pulses, hence improving the SMSR and emission
tability of the output pulses.
The self-seeded output pulses were extracted from the
i-EDFA via a 3 dB coupler and then divided into two
arts by the use of an 80:20 coupler. About 80% of the out-
ut power was further enhanced by another EDFA before
eing directed into a high-speed photodetector (New Fo-
us 1410) connected to a digital-sampling oscilloscope
Trektronics CSA 8003C) to observe the pulse waveform.008 Optical Society of America
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X. Fang and D. N. Wang Vol. 25, No. 11 /November 2008 /J. Opt. Soc. Am. B 1927he remaining of the 20% output power was sent to an
ptical spectrum analyzer (OSA) with a 0.01 nm reso-
ution to monitor the pulse spectrum.
The Bi-EDFA shown in Fig. 1 consists of an erbium-
oped fiber (EDF) with a length of 20 m, pumped by a
440 nm LD (FITEL FOL1425RUX-617-1440) with a
aximum output power of 360 mW, and a fiber loop. The
bsorption coefficient of the EDF is 4.6 dB/nm at
530 nm. The fiber loop contains a tunable filter, a TF1,
nd two isolators. The TF1 can effectively reduce the ASE
oise and select the pulse wavelength before the second
mplification implemented by the EDF. Owing to the
ritical requirement of low reflectivity (less than −50 dB
t 1535 nm [13]) in the Bi-EDFA, two isolators are used at
oth ends of the TF1 to suppress the reflected light. The
solator used before the pump laser can essentially mini-
ize the instability of the pump caused by the reflection
ight. Special care should also to be taken to block the re-
ections from the connectors during system operation
14].
Since the ASE of the EDF is bidirectional, the spectrum
f injection light contains both the ASE light and the op-
ration wavelength elements, which makes the total in-
ection power 2–5 mW, whereas the maximum output
ower of the FPLD is only 1 mW. To avoid possible dam-
Table 1. Output Signal Power Values at Point B
(for One-Way EDFA) and Point C (for Bi-EDFA) of
System Setup When the Feedback Loop is Discon
nected at Point C and Operating Wavelength is
1552.18 nm
ump Power at
440 nm (dBm)
Signal Power at Point B
(dBm)
Signal Power at Point
(dBm)
−10.35 −37.58 −22.75
−7.37 −30.74 −7.17
−6.58 −26.0 −2.79
−4.95 −24.34 −0.45
ig. 1. (Color online) Experimental arrangement by use of
i-EDFA.ge to the FPLD, the tunable filter TF2 is used to mini-
ize the ASE feedback power while further enhancing
he operation wavelength intensity, and as a result, the
MSR of the output pulses has been significantly im-
roved.
. EXPERIMENTAL RESULTS AND
ISCUSSION
o examine the pump efficiency improvement of the Bi-
DFA, a number of measurements were carried out when
he feedback loop of the system was disconnected at point
, and the results obtained are summarized in Tables 1
nd 2, respectively.
Table 1 shows that, for the same pump power level, the
utput signal power values obtained at points B and C of
he system setup correspond to the one-way EDFA and Bi-
DFA, respectively. It is clear from Table 1 that the Bi-
DFA provides a much higher gain of more than 23 dB
han that of the one-way EDFA at a relatively large pump
ower level. To maintain the same signal power level at
oints B and C, respectively, a substantially smaller
ump current (Pump2) is needed for the Bi-EDFA than
hat of the one-way EDFA system (Pump1) as demon-
trated in Table 2. The difference of pump currents is
35 mA for the signal power of −24.58 dBm.
The multimode output pulse spectrum of the gain-
witched FPLD is shown in Fig. 2 where the mode spacing
Table 2. Pump Currents Needed to Maintain the
Same Output Power Level at Point B (Pump1) and
Point C (Pump2), Respectively, When Feedback
Loop is Disconnected at Point C and Operating
Wavelength is 1552.18 nm
Signal Power
(dBm)
Pump1
(mA)
Pump2
(mA)
−42.53 83.5 77.5
−37.58 91.0 81.5
−31.03 118.5 86.5
−29.58 129.0 88.0
−24.58 229.5 94.5
ig. 2. Gain-switched FPLD output pulse spectrum at
.045 GHz.
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1928 J. Opt. Soc. Am. B/Vol. 25, No. 11 /November 2008 X. Fang and D. N. Wangs 1.1 nm. The FPLD is modulated by a rf signal with
he power of −13 dB. After passing through the EDF,
he gain-switched optical pulses are enhanced by
25.56 dB at a wavelength of around 1546.57 nm, and
he selected single wavelength output from the TF1 is fur-
her intensified to 52.71 dB by the second amplification of
he Bi-EDFA pumped by 1440 nm laser power. Figure 3
hows the output spectra of the TF1 and the TF2, respec-
ively. When compared with the multimode pulse spec-
rum shown in Fig. 2, the side modes are reduced by the
F1 and significantly suppressed by the TF2, and a
MSR improvement of as large as 23.13 dB is achieved
y the TF2.
The output pulse spectrum and the corresponding
aveform of the system are shown in Fig. 4. The optical
ulse is operated at the central wavelength of the FPLD,
536.78 nm, and the modulation frequency is 1.045 GHz.
ig. 3. (Color online) Optical pulse spectra at TF1 and TF2
utputs.
ig. 4. (Color online) Output optical pulse waveform and spec-
rum at wavelength 1536.78 nm.he spectral bandwidth of the pulse is 0.03 nm and the
orresponding full-width at half maximum (FWHM) value
f the pulse width is approximately 134.1 ps.
By adjusting the two tunable filters, the wavelength of
he output pulses can be shifted from
530.28 nm to 1565.86 nm, which gives a wavelength
uning range of 35.6 nm as shown in Fig. 5, correspond-
ng to the SMSR of higher than 38 dB. The modulation
requency of the rf signal that supports self-seeding op-
ration depends on both the system cavity length and the
arameters of the LD. The frequency and power of the rf
ignal should not be too low or too high I /Ith1 to avoid
ultiple optical pulse generation within one period of the
odulation current [15].
The values of the SMSR of the output pulses obtained
t different wavelengths and the corresponding average
ower are demonstrated in Fig. 6. In the wavelength tun-
ng range of 33 nm, a SMSR of higher than 40 dB can be
bserved, and the largest SMSR of more than 48 dB ap-
ears at 1556 nm. When compared with the results re-
orted in [10,11], where one tunable optical filter and
ingle-directional EDFA were used, more than a 10 dB
mprovement in the SMSR was obtained over a slightly
xtended wavelength tuning range.
ig. 5. Output spectra of the wavelength-tunable pulses at
avelengths (a) 1565.86 nm, (b) 1550.03 nm, and (c) 1530.23 nm.
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X. Fang and D. N. Wang Vol. 25, No. 11 /November 2008 /J. Opt. Soc. Am. B 1929Continuous wavelength tuning of the optical pulses can
e achieved by first calibrating the two filters at the same
utput wavelength close to one of the FPLD modes and
lightly adjusting the temperature controller of the
PLD, followed by optimizing the SMSR by tuning the
ump power. If the selected wavelength is far away from
he mode peak, the optical pulse train is hard to observe
n the oscilloscope. This is due to the fact that the light
ntensity in the middle of the two FPLD modes is very
ow, and the ASE noise becomes dominant at the Bi-EDFA
utput; thus, the low coherence TF2 output cannot excite
he pulse operation in the FPLD. Although there is power
ompetition between the LD mode and the injection light,
continuous tuning of the wavelength can still be carried
ut by adjusting the temperature controller to smoothly
ig. 6. (Color online) Measured SMSR and average power of the
utput pulses.
ig. 7. (Color online) Continuous wavelength-tunable output
ulse spectrum in a small region between 1545.16 nm and
545.93 nm.hift the LD mode to the injection wavelength, as shown
n Fig. 7.
In the system operation, the seed power should be care-
ully selected. According to the injection-locking condition,
he seed power must be high enough to enable LD oscil-
ation, which can be achieved by increasing the pump
ower at 1440 nm. However, when the pump power be-
omes too high, the ASE noise of the Bi-EDFA increases,
hich causes instability of the self-seeded output pulses.
. CONCLUSION
ontinuous wavelength-tunable optical short pulses have
een generated by use of a Bi-EDFA structure in a self-
eeding scheme. Such a system can effectively improve
ump power efficiency while suppressing ASE noise. The
MSR of greater than 40 dB has been obtained over a
avelength tuning range of 33 nm. It is expected that the
avelength tuning range of the pulses can be further in-
reased by use of a LD with a broadband spectrum such
s that of a quantum-well LD [16].
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